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Abstract
The current studies had already revealed the hydrocarbons could migrate from relatively high hydrocarbon potential stratum to
shallow groundwater by corrosion emission and extraction emission in karst area and further impact on human health. Then, the
comprehensive experiments were used to understand the mechanism and process of hydrocarbon emission as a continuation of a
long-term study on original high hydrocarbon groundwater in shallow Triassic aquifer, taking northwest Guizhou, China, as a
reference. The results determined water-rock interaction that lead to the hydrocarbon emission into groundwater with salinity
acting as the main driving force. Relatively high salinity promotes the rock corrosion and hydrocarbon emission in the study area.
The hydrocarbon emission process varied with different strata, as the results show that the hydrocarbon uniformly distributed in
T2g

3 than that in T1yn
4. Furthermore, the stratum with uniformly distributed hydrocarbon would likely contain high hydrocarbon

groundwater, as determined by the process of sedimentation. In addition, Bcorrosion rate estimation method^ and Bmineral
constituent estimation method^ were firstly employed to estimate the hydrocarbon concentration in groundwater to date.
Comparedwith the hydrocarbon concentration of local groundwater samples (0 to 0.14mg L−1), the result of Bmineral constituent
estimation method^ was analogous to measured value of groundwater samples in the area (0.05 to 0.50 mg L−1), indicating the
concentration of hydrocarbon could be estimated bymineral constitutions of groundwater, which was related to the concentration
of Ca2+ and Mg2+. Based on the methods and theories in this study, the concentration of original hydrocarbon in shallow
groundwater could be estimated and help to understand the mechanism of water-rock interaction in shallow aquifer and original
high hydrocarbon groundwater strategic assessment.

Highlights
• Experimental evidences show that hydrocarbons migrate from rocks to
shallow groundwater by water-rock interaction.

• Sudden and sharp change in hydrocarbon reservoir stratum was
observed at a higher dissolution rate unlike in source stratum.

• High hydrocarbon groundwater estimation was calculated using a
mathematical equation.

• The estimated hydrocarbon groundwater was analogous to petroleum
hydrocarbon in shallow groundwater studied

• The hydrocarbon concentration was related to the concentration of Ca2+

and Mg2+ in shallow groundwater in karst area.
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Introduction

Water-rock-hydrocarbon interaction represents a kind of phys-
icochemical and mechanical interaction among groundwater,
rocks, and hydrocarbons. It changes the chemical constituents
of groundwater and stratum, especially the concentration and
species of hydrocarbons (Kassotis et al. 2018; Sadykova and
Dul’tseva 2017; Kharaka et al. 1986; Kerimov et al. 2017). It is
a complicated physiochemical process where all the minerals
and formationwater are both reactants and products. A dynam-
ic equilibrium between dissolution and precipitation at special
temperature and pressure is attained in this process (Huang
et al. 2017; Bouchaou et al. 2017; Ryzhenko et al. 2015;
Onojake et al. 2015; Lasaga 1984). This interaction is also
the key factor for oil-gas reservoir spatial evolution and func-
tions in the whole diagenetic process (Cai et al. 1997). The
process is influenced by the characteristics of oil basin, tectonic
movement, stratum structure, mineral constituents, and hydro-
dynamic condition (Phan et al. 2018; Wang et al. 2018).
Additionally, it is also the determining factor for hydrocarbons’
migration from rock to shallow groundwater (Liu et al. 2017).
In our daily life, the most direct manifestation for water-rock-
hydrocarbon interaction is high hydrocarbon groundwater. In
China, water quality standards for groundwater exist in relation
to hydrocarbon levels. The standards stipulate that when the
concentration of hydrocarbons in groundwater exceeds the
limitation of China quality standard for groundwater grade III
(0.05 mg/L for second-level drinking water source), it will be
designated as Boriginal high hydrocarbon groundwater.^
Hydrocarbons would reduce the quality and function of
groundwater (Ugochukwu and Ochonogor 2018;
Anatolievich and Mikhailovich 2017; Adekunle et al. 2017).
The full understanding of the formation mechanism for the
original high hydrocarbon groundwater in shallow aquifers is
very important in groundwater environmental protection and
sustainable economic development plans and strategies.

Currently, there is a great deal of research focused on the
water-rock-hydrocarbon, which have been achieved in three
ways. Firstly, the studies on the Bsource^ known as source
rock. This represents a kind of rock in which oil or gas could
be generated, stored, and released (Tissot et al. 1974).
Nowadays, the abundance, species, maturity of organic mat-
ter, and kerogen are used in oil-gas reservoir or metal mineral
deposit exploration (Chalmers and Bustin 2017; Yu et al.
2018; Collins 1974).Moreover, it is the source of original high
hydrocarbon groundwater. The geochemical characteristics of
organic matter could also influence the species, concentration,
and distribution of original high hydrocarbon groundwater
(Tissot and Welte 1984). Secondly, studies through the

Bprocess^ known as geochemical kinetics of water-rock-
hydrocarbon interaction have been done. In this scenario, an
equivalent model in the laboratory is used to simulate and
figure out the mechanism of hydrocarbon emission (HCE) in
deep underground (Ryzhenko et al. 2015; Jia et al. 2018;
Sadykova and Dul’Tseva 2017). However, most of the studies
were used for resource exploration. The theory for water-rock-
hydrocarbon interaction in shallow aquifer remains to be fully
understood. The third way is studies on Brepresentations^
known as original high hydrocarbon groundwater.
Nowadays, original high hydrocarbon groundwater is usually
used in oil-gas reservoir detection, diagenetic characteristic,
and source analysis (Belousova et al. 1998; Yasaman et al.
2016; Huang et al. 2016). Otherwise, original high hydrocar-
bon groundwater would also lead to environmental problems
(Liu et al. 2017). Petroleum hydrocarbon is the main contam-
inant in original high hydrocarbon groundwater. It is a com-
plex compound that is composed of alkanes, cyclanes, and
aromatics, which can potentially cause cancer, deformities,
and mutations in humans (Bonzani et al. 2016; Logeshwaran
et al. 2018; Poi et al. 2018). Moreover, original high hydro-
carbon groundwater in shallow aquifer relates to people’s dai-
ly life; it can easily influence the human health. Therefore,
further studies about the emission process of original high
hydrocarbon groundwater in shallow aquifer are in demand.

To fill the knowledge gap discussed above, a long-term
research on original high hydrocarbon groundwater in the shal-
low Triassic aquifer of northwest Guizhou, China, was carried
out since 2011. The study had already observed that there is
strong water-rock interaction in the area. In this area, the
Yongningzhen formation (T1yn

4) and Guanling formation
(T2g

3) have relatively high hydrocarbon potential (Fig. S1).
Based on the biomarker characteristics, hydrocarbons in stra-
tum and groundwater had the same original source (Fig. S2),
indicating the hydrocarbons migrated from rock to shallow
groundwater by corrosion emission and extraction emission
(Fig. 1). However, the migration process of hydrocarbons from
rock to shallow groundwater still needs to be fully understood.

The present research is the continuation of the work that
stared in 2011 mentioned in the preceding paragraph.
Different from the previous research studies, which designed
an experimental model in the laboratory to figure out the
mechanism of HCE in deep underground with high-
temperature and high-pressure conditions (Ryzhenko et al.
2015; Jia et al. 2018; Cai et al. 1997), experiments in both
field and laboratory were designed to figure out the HCE
process in the study area with room temperature, pressure,
and oxidation conditions. The results revealed that the HCE
was controlled by the degree of water-rock interaction.
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Additionally, salinity would promote high water-rock-
hydrocarbon interaction and hydrocarbon release in the area.
Moreover, the HCE process of T1yn

4 and T2g
3 shows a sud-

den changing and gradual changing, respectively. This indi-
cated that hydrocarbons distributed uniformly in T2g

3. It re-
vealed that the T2g

3 would be the hydrocarbon source stratum
in the area. Based on the reasonably assumed conditions, re-
sults of experiments in the laboratory and field, estimation
equation of HCE was presented. Moreover, Bcorrosion rate
estimation method^ and Bmineral constituent estimation
method^were first time presented to estimate the hydrocarbon
concentration in groundwater to date. Compared with the hy-
drocarbon concentration of local groundwater samples (0 to
0.14 mg L−1), the result of Bmineral constituent estimation
method^ was analogous to measured value of groundwater
samples in the area (0.05 to 0.50 mg L−1), indicating the con-
centration of petroleum hydrocarbon could be estimated by
mineral constitutions of groundwater, which was related to
the concentration of Ca2+ and Mg2+. The HCE estimation
equation and mineral constituent estimation method were rea-
sonable in original high hydrocarbon groundwater in shallow
aquifer strategic assessment. In practice, these outcomes indi-
cated the concentration of original hydrocarbon in shallow
groundwater could be estimated. More works could be pushed
forward to help in understanding the mechanism of water-rock
interaction in shallow aquifer and original high hydrocarbon
groundwater strategic assessment.

Study area

Local social status

The study area is located in a rural area in northwest Guizhou,
China (Fig. 2). It is a typical karst peak-cluster depression.
Moreover, this area is one of the most backward economy

areas of Guizhou, as there are no heavy industries and organic
industries developed here. The population is less than twenty
thousand. In addition, most of them are aging people, who live
with farming. From 2006 to 2016, there was no change in the
way of land use (Fig. S3). With increased population, the
woodland became smaller in this area. The arable land also
decreased with the using of new farming technique and
methods. Aerial maps showed well-developed karst and stony
desertification covered most of the area. The land received less
impact from human activities and remained in a nature state.

Hydrogeology and geology setting

The study area belongs to the Yangtze stratigraphic region.
Emergence strata, in sedimentation progress, include Lower
Triassic Yongningzhen (T1yn), Middle Triassic Guanling
(T2g), and Middle Triassic Falang (T2f) formations. The
T1yn formation is divided into middle-upper group (T1yn

3)
limestone (about 130 m thick) and upper group (T1yn

4) brec-
cia calcite-dolomite (about 89.5 m thick). The T2g can be
divided into lower group (T1g

1) variegated mudstone (about
146 m thick), middle group (T2g

2) massive limestone (about
263 m thick), and upper group (T2g

3) collapse breccia calcite-
dolomite with fissures (about 257 m thick). On the other hand,
the T2f has the characteristics of abundant limestone and do-
lomite interbedding with gypsum in a thickness of 46 m.
Furthermore, several structures were found in the northeast
region of this area (Fig. 2).

Rainfall controls recharge, while Hongjiadu (HJD) reser-
voir is the ultimate discharge base level, controlling runoff and
the discharge. In the Dalongjing (DLJ) system, groundwater is
recharged by rainfall. The surface water infiltrates into the
groundwater system through caverns and fissures. The
groundwater, which is controlled by the terrain and ultimate
discharge base level, flows towards the northeast and dis-
charges at the HJD reservoir (Fig. 2).

Fig. 1 The conceptual model of water-rock-hydrocarbon interaction in the study area
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Materials and methods

Sampling

Based on the difference in hydrocarbon potential and lithology,
thirteen rock samples were collected (Table S1). All rock sam-
ples were used for Bcorrosion experiment in the field.^
Moreover, three of them were used for Bcorrosion emission

model,^ while six of them were used for Bdissolution emission
model in the laboratory.^ The pretreatment method of rock
samples was different for different experiments. Additionally,
based on the hydrogeological characteristics in the DLJ system,
twenty-six groundwater samples, including ten spring samples,
nine shallow borehole groundwater samples, and seven deep
borehole groundwater samples, were collected (Fig. 2). All the
results are shown in Tables S2–S4.

Fig. 2 General geological map showing location, hydrogeological
condition, and sampling of the study area in the DLJ groundwater
system, Guizhou. A shows hydrogeological condition and sampling.
Shallow groundwater was collected at springs and shallow boreholes.
Groundwater in shallow borehole collected at − 10 m below ground at

August 2015, while deep groundwater collected in deep borehole at − 100
m below ground at February 2016. All the corrosion experiment samples
were buried 15 cm underground.B shows the location of the study area in
Southwest China, Guizhou. C shows the hydrogeological condition with
the 3D model. D shows the detail of sampling location
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Experiments in the laboratory and field

Three experiments had been designed in this research to figure
out the migration process of hydrocarbon from rock to
groundwater and estimate the emission concentration of hy-
drocarbon to groundwater: (1) Corrosion experiment in the
field: the experiment was mainly to figure out the corrosion
rate for all strata in natural environment. (2) Corrosion emis-
sion model in the laboratory: it mainly focused on revealing
the relationship between HCE and rock corrosion under ideal
condition. The HCE rate and influencing factors of different
strata were shown in this model. (3) Dissolution emission
model in the laboratory: it was the accelerated model of
Bcorrosion emission model in the laboratory.^ In nature envi-
ronments, hydrocarbon estimation is a long-term geological
process. It always takes millions of years for hydrocarbons to
migrate from rock to groundwater, indicating it is hard to
observe the migrating process in a short period. Therefore,
the migration process needs to be accelerated to figure out
the estimation concentration of hydrocarbon. Moreover, the
lithology of stratum in the area was carbonate rocks. Acid
would dissolute the carbonate rocks within the short period.
In that case, hydrochloric acid was used to figure out the
relationship between petroleum HCE and rock dissolution
quantity in dissolution emission model. All the experiment
methods are shown below.

Corrosion experiment in the field

Before the experiment, all rock samples were prepared into
cubes (about 5 × 5 × 1 cm3) (Fig. S4). Three duplicate samples
were prepared to get reliable results. All the samples were
washed with deionized water and dried for 8 h at 100 °C.
Then, they were weighed using an electronic balance
(BSA3202S-CW) (Table S5).

To simulate the rock corrosion in natural environment, all
the samples were buried 15 cm underground where they were
sampled (Fig. S5). The experiment was done for a year, i.e.,
April 9, 2016, to April 9, 2017. The amount of rainfall during
the stated period was about 1436.7 mm.

Corrosion emission model in the laboratory

The ability of water-rock-hydrocarbon interaction relates to
the chemical constitutions of groundwater, rock, and reaction
environment (Jia et al. 2018). However, there are too many
interferences and uncontrollable factors in natural environ-
ment. It is hard to determine the contribution and driving force
of HCE for each factor. Therefore, in this model, a single
factor was used to find out the main factor of water-rock-
hydrocarbon interaction.

Basically, pH and salinity of groundwater are the key fac-
tors for rock corrosion (Jiang et al. 2000). Based on the

chemical constituents of shallow groundwater in the area, this
model used reactant solution with different pH and salinity to
figure out the hydrocarbons’ migration, respectively.

Even though the stratum has hydrocarbon potential in the
area, the release ability is still very low compared with the
source rock in oil-gas field. Moreover, the water-rock interac-
tion is a long-term geological process in nature. To promote
this process, the relatively high hydrocarbon potential strata in
the area were chosen, which were T1yn

4-1, T1yn
4-2, and T2g

3-

3. In addition, 100 g of each rock was used in the model.
Before the experiment, the diameter of rock samples was re-
duced to less than 0.15 mm.

The base solution for preparing the reactant solution was
deionized water. In the area, pH of all shallow groundwater
was 7.89–8.50 (Table S3), indicating that all the samples are
alkalescence groundwater. Otherwise, acidic condition may
promote the dissolution of carbonate rocks. Eventually, pH
for a range of the reactant solution was prepared as 4, 5, 7,
8, and 9. A dilute hydrochloric acid (HCl) was used to adjust
the pH = 4 and 5 because a weak HCl does not hydrolyze
hydrocarbons. And calcium oxide was used to produce pH =
8 and 9. Deionized water was used to produce pH = 7
(Table S6). A series of salinity solution was prepared in the
laboratory as 30 mg/L, 200 mg/L, and 600 mg/L (Table S6),
since the observed salinity in all shallow groundwater was
111–630 mg/L (Table S3). In addition, the major constituents
in shallow groundwater were Ca2+, Mg2+, SO4

2−, and HCO3
−.

Magnesium sulfate (MgSO4) was used to adjust the salinity
excluding calcium sulfate (CaSO4) that hardly dissolve in wa-
ter (Table S6). Duplicate samples were prepared to get reliable
results (Table S6).

To simulate the shallow aquifer environment, all the sam-
ples (the rock and reactant solution) were stocked under room
temperature, pressure, and oxidation conditions and kept in
the dark for 4 months. During the experimental period, all
the samples had been kept oscillating to promote rock contact
with reactant solution (Fig. S6). The volume of reactant solu-
tion for samples WR-01–WR-54 was 1 L to determine cation,
anion, and petroleum hydrocarbon concentration. Otherwise,
the volume of reactant solution for WR-55 to 61 was 5 L to
determine biomarkers (Table S6).

Dissolution emission model in the laboratory

The relatively high hydrocarbon potential rock in each stratum
was chosen to compare the HCE ability. One hundred grams
of each rock was prepared (Table S7). Before the experiment,
the diameter of rock samples was reduced to less than
0.15 mm to promote the reactions.

Preparation of the reactant solution used HCl. Based on the
major components of stratum in the area (Table S2), the con-
centration of HCl was prepared as shown in Table S7 to get
different dissolution levels.
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Rocks and reactant solution were mixed under room temper-
ature and pressure. After the reaction, supernatant liquor was
taken to analyze the concentration of hydrocarbon (Fig. S7).

Analysis

For rock samples, X-ray fluorescence spectrometry (XRF-
1800, Shimadzu Sequent ia l X-ray Fluorescence
Spectrometer) and Rock-Eval Pyrolysis (OGE-II) produced
data on the major chemical constituents and total organic car-
bon (TOC), respectively. In addition, an electronic balance
(BSA3202S-CW) determined the weight of rocks. At least
three duplicate experiments were done for samples to obtain
reliable data. For liquid samples, including shallow ground-
water, deep groundwater, and experiment samples, atomic
emission spectrometry (iCAP 6300), ion chromatography
(ICS1100), titration, infrared spectrophotometry (OIL-8),
and GC/MS (Agilent6890N/5795MSD) determined cation,
anion, petroleum hydrocarbon concentration, and biomarker
characteristics, respectively. The duplicate samples were more
than 10%. The standard deviation in duplicate samples was
less than 5% with an ion balance deviation of less than 5%,
indicating that the results were reliable and consistent.

Hydrocarbon emission estimation

Assumed conditions

Karst aquifers have a complicated groundwater flow regime.
To estimate the maximum possible concentration of petroleum
hydrocarbon and equal the enrichment to attenuation of
groundwater circulation, several assumptions were set.
Firstly, the estimating was done in the DLJ system, which is
an independent groundwater system. The second assumed that
huge karst tunnels did not exist in the system. Thirdly, only
water-rock interaction contributed mineral elements to
groundwater. The fourth assumption was that the entire hy-
drocarbon emitted from stratum migrates into groundwater
and distributed uniformly. Lastly, groundwater in the DLJ
system is mainly from the recharge, which was controlled by
the precipitation recharge coefficient and annual average
rainfall.

Corrosion equation

According to the previous study, the corrosion rate could be
calculated as follows:

ER ¼ W1−W2ð Þ � 107 � 365=T=Sc ð1Þ
where ER is the annual average corrosion rate per unit area (mg
m−2 a−1), W1 is the weight of samples before the experiment
(g), W2 is the weight of samples after the experiment (g), T is

the experimental period (days), and Sc is the superficial area of
samples (m2) (Yuan and Cai 1988).

Groundwater volume estimation in the DLJ system

Additionally, according to the assumptions, the volume of
groundwater runoff in the DLJ system could be calculated as
follows:

V ¼ Ss � P � μ ð2Þ
where Ss is the area of different lands using (km2), P is the
annual average rainfall (mm), and μ is the precipitation re-
charge coefficient of different land use (dimensionless).
Based on the statistical data of land use in karst area of south-
west China (Yuan 2007) and land use distribution of the area
(Fig. S3), the precipitation recharge coefficients of habitation,
arable land, woodland, and stony desertification were 0.002,
0.032, 0.275, and 0.346, respectively. The annual average
rainfall was about 1402.8 mm. By calculating, the groundwa-
ter runoff in the DLJ system was estimated as 1.03 × 1010 L.

Hydrocarbon estimation equation

Based on these five assumptions, the concentration of petro-
leum hydrocarbon relates to HCE from the stratum and
groundwater runoff in the DLJ system. The equation could
for the preceding statement present as follows:

C ¼ w=V ð3Þ
where C is the concentration of petroleum hydrocarbon in the
DLJ system (mg L−1), w is the quantity of HCE from stratum
(g), and V is the volume of groundwater runoff in the DLJ
system (L).

Results and discussion

Corrosion rate for all stratum in natural environment

According to Eq. 1, Table 1 shows the corrosion rate of T2f,
T2g

3, T2g
2, and T1yn

4 ranged from 1.13 × 104 to 2.54 × 104

mgm−2 a−1, 1.94 × 104 to 5.11 × 104 mgm−2 a−1, 0.28 × 104 to
1.49 × 104 mg m−2 a−1, and 0.65 × 104 to 1.74 × 104 mg m−2

a−1, respectively. While the corrosion rate of T2g
1 and T1yn

3

was 4.68 × 104 mg m−2 a−1 and 0.69 × 104 mg m−2 a−1,
respectively, revealing the corrosion rate mainly depended
on the lithology of different strata in this experiment. As we
know, the corrosion rate in such field experiment is deter-
mined by many factors, such as lithology, climate, rainfall,
structure of rocks, and hydrogeological condition, indicating
it was hard to get a relatively accurate corrosion rate.
However, Jiang et al.’s research had done the similar corrosion
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rate test for T2g
3-2 in Guiyang (150 km away from the research

area, with average annual rainfall about 1400 mm and the
carbonate rock lithology) in 2000. They observed the corro-
sion rate of T2g

3-2 was about 1.68 × 104 mg m−2 a−1 (Jiang
et al. 2000). Comparing with Jiang et al.’s research, the cor-
rosion rate of T2g

3-2 in the present research (5.11 × 104 mg
m−2 a−1) had the same order of magnitude, indicating the
results from the corrosion experiment in the field were
reliable.

Relation between petroleum hydrocarbon emission
and rock corrosion in the laboratory

The water-rock interaction is a tedious process. To figure out
the magnitude of HCE from stratum and to save the time-cost,
samples with the most HCE potential were tested in prelimi-
nary analysis.

The degree of water-rock interaction

Table 2 shows the hydrocarbon could barely be detected in the
4-month period, indicating the degree of water-rock-
hydrocarbon was relatively low in this experiment. The cor-
rosion quality ranged from 0.08 to 1.92 g. Comparing with the
mineral constituent of reactant solution before the experiment,
the mineral constituent of reactant solution was totally
changed in 4 months, such as the concentration of Ca2+, K+

Mg2+, Na+, Cl−, NO3
−, and SO4

2− had increased in all the

analyzed samples (Table 2). Moreover, the concentrations of
Ca2+ fromWR-16 andWR-35 were 97.7 mg L−1 and 46.4 mg
L−1, respectively, which were much higher than other samples
(Table 2), indicating the high-salinity reactant solution in-
creased calcium dissolution, demonstrating the relatively
strong water-rock interaction, while the mineral constituent
of WR-19, 21, 23, 25, and 27 were similar, such as concen-
tration of Ca2+, K+ Mg2+, Na+, Cl−, NO3

−, and SO4
2− ranged

from 10.6 to 17.5 mg L−1, 2.59 to 2.89 mg L−1, 9.03 to
12.7 mg L−1, 3.11 to 4.48 mg L−1, 7.18 to 7.69 mg L−1,
0.704 to 1.77 mg L−1 and 10.1 to 11.7 mg L−1, respectively,
revealing different pH values had less effect on T1yn

4-2

corrosion.

Biomarker characteristics

Biomarker characteristics showed that hydrocarbons migrated
from rocks to reactant solution (Liu et al. 2017). The results of
Fig. 3 and Table 3 showed the hydrocarbon migration from
rock to reactant solution actually happened during the exper-
iment period. For T2g

3-3, the distribution of saturated hydro-
carbon lying between nC16 and nC36 in WR-60 and WR-61
was similar to that in SK-01, SK-04, SK-05, and SK-07.
Moreover, the distribution of saturated hydrocarbon lying be-
tween nC25 and nC30 in WR-60 and WR-61 was similar to
that in YY-04. For T1g

4-2, the distribution of saturated hydro-
carbon lying between nC24 and nC32 in WR-58 and WR-59
was similar to that in YY-11. For T1g

4-1, the distribution of

Table 1 The results of corrosion experiment in the field

Samples Stratum W1 (g) W2 (g) ER (mg m−2 a−1) Samples Stratum W1 (g) W2 (g) ER (mg m−2a−1)

YY-01-a T2f
3 69.7440 69.7043 1.13 × 104 YY-08-a T2g

2-2 73.6055 73.5961 0.28 × 104

YY-01-b 69.3024 69.2624 YY-08-b 74.4760 74.4642

YY-01-c 71.3333 71.2711 YY-08-c 70.4266 70.4126

YY-02-a T2f
2 66.5917 66.4522 2.08 × 104 YY-09-a T2g

2-1 71.8186 71.7548 1.49 × 104

YY-02-b 65.0954 65.0227 YY-09-b 70.0952 70.0326

YY-02-c 66.3969 66.3267 YY-09-c 67.1601 67.1017

YY-03-a T2f
1 70.2565 70.1929 2.54 × 104 YY-10-a T2g

1 60.6345 60.4474 4.68 × 104

YY-03-b 71.8266 71.7757 YY-10-b 61.3220 61.1269

YY-03-c 71.3236 71.1197 YY-10-c 65.2772 65.0834

YY-04-a T2g
3-3 71.5267 71.4246 2.88 × 104 YY-11-a T1yn

4-2 62.8690 62.8152 1.74 × 104

YY-04-b 72.0139 71.9052 YY-11-b 71.7737 71.6996

YY-04-c 70.1675 70.0538 YY-11-c 73.2878 73.2241

YY-05-a T2g
3-2 64.4161 64.0670 5.11 × 104 YY-12-a T1yn

4-1 72.2242 72.1993 0.65 × 104

YY-05-b 67.9657 67.8711 YY-12-b 69.3953 69.3715

YY-05-c 66.1926 66.1474 YY-12-c 71.2932 71.2621

YY-06-a T2g
3-1 68.2982 68.2113 1.94 × 104 YY-13-a T1yn

3 71.6356 71.6044 0.69 × 104

YY-06-b 76.3571 76.2764 YY-13-b 74.1216 74.0906

YY-06-c 73.3386 73.2892 YY-13-c 75.4401 75.4162

YY-07-a T2g
2-3 68.5025 68.4841 0.77 × 104 Rainfall was about 1436.7 mm since April 9, 2016, to April 9, 2017

YY-07-b 73.4936 73.4682

YY-07-c 68.5439 68.5200
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saturated hydrocarbon lying between nC26 and nC30 in WR-
55,WR-56, andWR-57 was similar to that in YY-12, showing
the distribution range of saturated hydrocarbon in rock,
groundwater, and reactant solution was similar from the same
stratum. Additionally, the odd-even predominance (OEP), car-
bon preference index (CPI), and pristane/phytane value were
similar between reactant solution and deep groundwater
(Table 3). These results determined the hydrocarbons in rocks,
deep groundwater, and reactant solution sharing the same or-
igin. Since the hydrocarbons in T2g

3 and T1yn
4 were derived

from lower aquatic with terrigenous detrital organic matter
contribution deposited under marine conditions, the main
peak of saturated hydrocarbon in rocks was identified as
nC16 and nC18, respectively, which belonged to light saturat-
ed hydrocarbon (Fig. 3), while, after the migration, the main
peak of saturated hydrocarbon in groundwater and reactant
solution changed to nC25, nC26, and nC27 (Fig. 3) which
belonged to heavy saturated hydrocarbon. The physicochem-
ical property of hydrocarbons might be the main reason for
these biomarker succession and mutation. As we know, the
octanol-water partition coefficient increases with carbon num-
bers (Mackay 2006). Moreover, light saturated hydrocarbon
with low octanol-water partition coefficient was easy to va-
porize, while heavy saturated hydrocarbon with high octanol-
water partition coefficient might remain in water (Mackay
2006; Voutsas 2007) (Table S8). Additionally, groundwater
exists in relatively opened and oxidizing environment, while
rocks exist in relatively enclosed and reducing environment.
The difference of existence conditions may impel the light
saturated hydrocarbons to transfer to air from groundwater.

Maximum hydrocarbon emission ability in rock
dissolution experiment in the laboratory

Hydrocarbon emission ability

Table 4 shows the maximum HCE concentration of T1yn
4 and

T2g
3 was 0.10 mg L−1 and 0.09 mg L−1, respectively, which

was much higher than that of other strata. Moreover, high rock
dissolution quality led to relatively high concentration of hy-
drocarbon in T1yn

4 and T2g
3. However, in T1yn

3, T2g
1, T2g

2,
and T2f, the rock dissolution rate and concentration of petro-
leum hydrocarbon did not show a linear relation, indicating
the HCE ability for relatively low-level hydrocarbon potential
stratum was limited.

Hydrocarbon emission process

Although rocks dissolution led to the relatively high concen-
tration of petroleum hydrocarbon, the HCE process was very
different for T1yn

4 and T2g
3. In Fig. 4, the HCE process of

T1yn
4 shows a sharp changing beyond 75 g. The concentration

of petroleum HCE was stable around 0.03 mg/L prior to theTa
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rate of 75 g. Between 75 and 85 g, the concentration of petro-
leum HCE increased sharply to 0.10 mg L−1. Otherwise, for
T2g

3, the concentration of petroleum HCE increased gradually
to 0.09 mg L−1, revealing hydrocarbons distributed more uni-
formly in T2g

3 than those in T1yn
4. Additionally, during the

process of oil generation, the hydrocarbons in hydrocarbon
reservoir stratummight migrate fromother hydrocarbon source
strata through fracture and enriched in some parts of hydrocar-
bon reservoir stratum, which might lead hydrocarbons to dis-
tribute more uniformly in hydrocarbon source stratum than that
in hydrocarbon reservoir stratum (Onojake et al. 2015), indi-
cating, T2g

3 would be more likely to be the hydrocarbon
source stratum in the study area, while T1yn

4 would be more
likely to be the hydrocarbon reservoir stratum.

Distribution characteristics of high hydrocarbon
groundwater in the DLJ system

Table S3 shows the concentration of petroleum hydrocar-
bon in the DLJ system ranged from not detected to
0.14 mg L−1. Figure 5 reveals water-rock-hydrocarbon
interaction and groundwater circulation would influence
the concentration of petroleum hydrocarbon. The enrich-
ment and attenuation of groundwater circulation controls
the distribution of petroleum hydrocarbon. In the 2nd lat-
eral recharge zone, the petroleum hydrocarbon concentra-
tion of SY-09, SY-06, and SY-05 was not detected,
0.04 mg L−1 and 0.12 mg L−1, respectively, showing the
concentration of petroleum hydrocarbon mainly increased

Fig. 3 Relative abundance of saturated carbon of experiment samples,
rocks, and deep groundwater. Solid line shows the relative abundance of
saturated carbon of experimental samples. Dashed line shows the relative
abundance of saturated carbon of rocks. Dashed with dot line shows the
relative abundance of saturated carbon of deep groundwater.A shows the

relative abundance of saturated carbon of experiment samples, rocks, and
deep groundwater from T2g

3-3. B shows the relative abundance of
saturated carbon of experiment samples and rocks from T1g

4-2. C
shows the relative abundance of saturated carbon of experiment
samples and rocks from T2g

4-1
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with the runoff, indicating water-rock interaction would
lead to HCE. Moreover, the concentration of petroleum
hydrocarbon in the lateral recharge zone is higher than
that in the main runoff zone, indicating the groundwater
circulation may be diluting the concentration of petroleum
hydrocarbon. However, in the discharge zone, the petro-
leum hydrocarbon concentration of SY-08 and SY-10
were 0.08 mg L−1 and 0.14 mg L−1, respectively, higher
than most samples, indicating the interaction would enrich
the petroleum hydrocarbon and increase the concentra-
tions in the area, where the hydrodynamic condition was
not satisfactory.

Hydrocarbon estimation

According to assumed conditions, local hydrogeological
condition, land use types, and Eq. 3, the quantity of HCE
from stratum would determine the hydrocarbon concentra-
tion of groundwater in the DLJ system. Additionally, based
on the results of experiments above, hydrocarbon concen-
tration of groundwater was related to the corrosion quantity
of relatively high hydrocarbon potential strata, which were
T1yn

4 and T2g
3 in the study. Normally, the corrosion quan-

tity of stratum could be estimated according to corrosion
rates (Jiang et al. 2000), which were the results of corrosion

Table 3 Biomarker parameters of
rock, deep groundwater, and
experimental samples

Samples Stratum N-alkanes Isoprenoid

Range Main peak OEP CPI Pr/Ph

YY-04 Rocks T2g
3-3 nC13~nC36 16 0.84 1.06 1.63

SK-01 Deep groundwater nC13~nC36 26 1.10 1.00 1.29

SK-04 nC13~nC36 25 1.12 1.11 1.48

SK-05 nC14~nC36 25 1.04 1.14 0.92

SK-07 nC13~nC36 25 1.05 1.03 1.66

WR-60 Experimental samples nC17~nC36 26 1.03 1.04 1.54

WR-61 nC17~nC36 25 1.06 1.11 1.56

YY-11 Rocks T1yn
4-2 nC15~nC33 18 0.79 1.40 1.26

WR-58 Experimental samples nC17~nC36 26 1.10 1.13 1.42

WR-59 nC17~nC36 26 1.28 1.07 1.46

YY-12 Rocks T1yn
4-1 nC13~nC29 16 0.78 1.69 1.95

WR-55 Experimental samples nC17~nC36 25 1.13 1.16 1.34

WR-56 nC17~nC36 25 1.18 1.21 1.42

WR-57 nC17~nC36 27 1.37 1.21 1.41

OEP odd-even predominance, CPI carbon preference index, Pr/Ph pristane/phytane ratios

Table 4 Results of dissolution and hydrocarbons emission

Samples Stratum CHCl

(mol L−1)
Petroleum
hydrocarbon
(mg L−1)

Dissolution
quality (g)

Samples Stratum CHCl

(mol L−1)
Petroleum
hydrocarbon
(mg L−1)

Dissolution
quality (g)

RD-01 YY-13
(T1yn

3)
2.0 0.02 90.18 RD-12 YY-07

(T2g
2-3)

2.1 0.04 96.12

RD-02 1.5 0.02 71.20 RD-13 1.8 0.04 85.34

RD-03 1.0 0.02 48.05 RD-14 1.0 0.03 49.07

RD-04 YY-11
(T1yn

4-2)
2.0 0.10 82.82 RD-15 YY-04

(T2g
3-3)

2.0 0.09 90.62

RD-05 1.7 0.07 79.56 RD-16 1.8 0.08 87.10

RD-06 1.6 0.03 75.15 RD-17 1.5 0.06 74.29

RD-07 1.5 0.03 70.81 RD-18 1.3 0.05 64.63

RD-08 1.0 0.03 47.52 RD-19 1.20 0.04 59.70

RD-09 YY-10
(T2g

1)
1.2 0.05 40.04 RD-20 1.0 0.01 49.58

RD-10 0.60 0.05 27.25 RD-21 YY-02
(T2f

2)
2.1 0.02 98.95

RD-11 0.30 0.05 14.04 RD-22 1.8 0.02 88.44

RD-23 1.0 0.02 48.95

The concentration of petroleum hydrocarbons and the dissolution rate of rocks were mean value from multi-experiments
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experiment in the field. Besides that, in the 4-month corro-
sion emission model in the laboratory, the mineral constit-
uent of groundwater had totally changed when the corro-
sion quality increased, especially for Ca2+ and Mg2+, indi-
cating mineral constituent of groundwater might reflect the
degree of rock corrosion in the local. Therefore, both cor-
rosion rate of rocks and concentration of Ca2+ and Mg2+

could be used to estimate hydrocarbon concentration of
groundwater in the area, which were named as
Bcorrosion rate estimation method^ and Bmineral constit-
uent estimation method^ in this research.

Corrosion rate estimation method of hydrocarbon

The estimation method was based on the results of corrosion
experiment done in the field and dissolution emission model.
Making the necessary substitutions using Eqs. 1 and 2 results
in expansion of Eq. 3 as:

C ¼ SA � HA � ER� Sc � a=100=Vcð Þ= Ss � P � μð Þ ð4Þ

where a is the HCE from per 100-g rocks (mg), which is
0.09 mg and 0.1 mg for T2 g

3 and T1yn
4, respectively. SA is

a

b

Fig. 4 The hydrocarbon emission
process. A shows the
hydrocarbon emission process of
T2g

3. B shows the hydrocarbon
emission process of T1yn

4
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the area of hydrocarbon generation stratum (km2), which is
12.6 km2 and 0.69 km2 for T2 g

3 and T1yn
4, respectively. HA

is the average thickness of hydrocarbon generation stratum
(m), which is 257 m and 89.5 m for T2 g

3 and T1yn
4, respec-

tively. ER is the annual average corrosion rate per unit area
(mg m−2 a−1), which is 2.88 × 104 mg m−2 a−1 and 1.74 × 104

mg m−2 a−1 for T2g
3 and T1yn

4, respectively. Sc is the specific
surface area of corrosion experiment samples (m2), which is
7.11 × 10−3 m2 and 6.93 × 10−3 m2 for T2 g3 and T1yn

4,
respectively. Vc is the volume of corrosion experiment sam-
ples (m3), which is 2.50 × 10−5 m3 for both T2 g

3 and T1yn
4.

The other variables are as explained in Eqs. 1, 2, and 3. Based
on the hydrogeology setting and experimental data, the annual
average concentration of petroleum hydrocarbon in the DLJ
system was calculated as 2.35 mg L−1.

Mineral constituent estimation method of hydrocarbon

As stated earlier, calcite and dolomite are the main constit-
uents of stratum in karst aquifers. In the area, the lithology
of T2g

3 and T1yn
4 was mainly calcite-dolomite, which

would release Ca2+ and Mg2+ into groundwater by water-
rock interaction. Based on chemical equation of calcite-
dolomite corrosion, pure dolomite would release equal
concentration of Ca2+ and Mg2+. However, calcite-
dolomite corrosion would vary the concentration ratio of
Ca2+ to Mg2+. The estimation used individual concentra-
tions of Ca2+ and Mg2+ to calculate the maximum and
minimum corrosion quality of rocks, respectively.
Additionally, based on the assumptions, the groundwater
in the main runoff-discharge zone was considered to have
reached solubility equilibrium, such as SY-08 and SK-07
(Fig. 2). Moreover, all the mineral elements in these sam-
ples were from water-rock interaction. Therefore, the con-
centration of Ca2+ and Mg2+ of SY-08 and SK-07 was
selected to estimate the maximum and minimum corrosion
quality of rocks, respectively. According to the equations
mentioned before, the hydrocarbon concentration could be
estimated as follows:

C ¼ Mm � aaverage=100
� �

=V ð5Þ

Fig. 5 Spatial distribution of hydrocarbon in the DLJ system
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where Mm is the corrosion quality (mg). aaverage is the
average of HCE from per 100-g T2g

3 and T1yn
4, which

is 0.095 mg. Moreover, the Mm could be calculated as
follows:

Mm ¼ Cm � V ð6Þ
where Cm is the corrosion quality from per liter ground-
water (mg L−1). Additionally, the main component of
calcite-dolomite is CaMg(CO3)2. According to the chem-
ical equation of calcite-dolomite corrosion, 1 mol
CaMg(CO3)2 would release 1 mol Ca2+ and 1 mol
Mg2+, respectively. Eventually, the concentration range
of hydrocarbon in the DLJ system was estimated from
0.05 to 0.50 mg L−1 (Table 5).

Comparison of the different estimation methods

The concentration of hydrocarbon estimated by corrosion rate
estimation method was 2.35 mg L−1, which was ten times
greater than the maximum result of groundwater samples in
the area (Table S3). This could be concluded from two per-
spectives. Firstly, the volume of stratum could hardly be cal-
culated because of the complexity of figuring out the spatial
structure of the stratum. Then, the corrosion rate could not
simply accumulate by the results of corrosion experiment,
which would enlarge the corrosion rate. Otherwise, if the cor-
rosion due to fissure and corrosion experiment samples had
developed representational fissure, this method could get the
relatively exact corrosion rate and concentration of
hydrocarbon.

The concentration of hydrocarbon estimated by mineral
constituent estimation method ranged from 0.05 to 0.50 mg
L−1, which was consistent with the results of groundwater
samples in the study area (Table S3). Additionally, by
using this method, the concentration of petroleum hydro-
carbon was related to the concentration of Ca2+ and Mg2+,
which determined water-rock interaction that would lead to
the HCE. This method was close to reality. Otherwise,
enrichment, attenuation of groundwater circulation, and
supersaturated precipitation of Ca2+ and Mg2+ might also
influence the result of the estimation. Hydrogeology and
geological setting of the study area should be analyzed
emphatically when using this method.

Conclusions

This research focused on the factors and processes involved
in hydrocarbon migration from stratum to shallow Triassic
aquifer of northwestern Guizhou, China. By designing the
corrosion emission and dissolution emission models in the
laboratory, salinity might be considered the main driving Ta
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force for water-rock-hydrocarbon interaction in the study ar-
ea. Relatively high salinity promotes the rock corrosion and
increases the concentration of mineral constituent in ground-
water. Moreover, in relatively high hydrocarbon potential
strata, the HCE increased with rock dissolution. The maxi-
mum HCE of T1yn

4 and T2g
3 was 0.10 mg L−1 and 0.09 mg

L−1, respectively. However, the HCE process was influenced
by hydrocarbon distribution in the stratum suggesting that
T2g

3 would be the hydrocarbon source stratum in the area.
Comparing different HCE estimation method, the results es-
timated by mineral constituent estimation method was simi-
lar to the hydrocarbon concentration of groundwater in the
area, indicating the original hydrocarbon concentration relat-
ed to the concentration of Ca2+ and Mg2+ in shallow ground-
water in karst area. This research just presented a method
that hydrocarbon concentration of groundwater could be es-
timated in karst area. Many environmental conditions were
set as ideal conditions. An extended period of study, inclu-
sion of more reactions, and analysis of various factors are
still needed in the future to finding out the HCE process in
relatively low degree of water-rock-hydrocarbon interaction.
Coupled to this, verifying the results with field data is rec-
ommended in future studies. Also, verification of estimation
of high hydrocarbon groundwater should be done in the re-
search area to figure out the applicability of this method.
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